ABSTRACT
Human genes are often interrupted by noncoding, intragenic sequences called introns. Hence, the gene sequence is divided into exons (coding segments) and introns (non-coding segments). Consequently, a majority of them are multi exon genes (MEG). However, a considerable amount of single exon genes (SEG) are present in the human genome (approximately 12%). This amount is sizeable and it is important to probe their molecular function and cellular role. Hence, we performed a genome wide functional assignment to 3750 SEG sequences using PFAM (protein family database), PROSITE (database of biologically meaningful signatures or motifs) and SUPERFAMILY (a library covering all proteins of known 3 dimensional structure). PFAM assigned 13% SEG to trans-membrane receptor genes of the G-protein coupled receptor (GPCR) family and showed that a majority of SEG proteins have DNA binding function. PROSITE identified 336 unique motif types in them and this accounts for 25% of all known patterns, with a majority having PHOSPHORYLATION and ACETYLATION signals. SUPERFAMILY assigned 33% SEG to the membrane all alpha (proteins containing alpha helix structural elements according to SCOP (structural classification of proteins) definition). Functional assignment of SEG proteins at multiple levels (sequence signals, sequence families, 3D structures) using PFAM, PROSITE and SUPERFAMILY is envisioned to suggest their selective and predominant molecular function in cellular systems. Their function as DNA binding, phosphorylating, acetylating and house-keeping agents is intriguing. The analysis also showed evidence of SEG expression and retro-transposition. However, this information is inadequate to draw concerted conclusion on the prevalent role played by these proteins in cellular biology. A complete understanding of SEG function will help to explore their role in cellular environment. The derived datasets from these analyses are available at http://sege.ntu.edu.sg/wester/intronless/human/
INTRODUCTION
Human genes are frequently interrupted by noncoding sequences called introns (1) . Hence, they are often intron bearing and the gene structure is made of multiple exons (2) (3) . However, the human genome contains many single exon genes (SEG) that are not interrupted by introns (4) (5) (6) . The CELERA (a genome company) human genome team identified 901 SEG with 298 instances of single-exon gene to multi-exon gene (MEG) correspondence (7) . The SEG to MEG correspondence discovered by the CELERA team provide insights to their possible origin by retrotransposition (8) , which occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (9) . The current update of the human genome contains about 12% SEG and this fraction is larger than an expected 5% (5-6). The presence of a substantial amount of SEG is interesting and their cellular role is puzzling. Hence, it is important to systematically document SEG molecular function to deduce their predominant role in cellular environment. However, molecular functions are known for only a handful of human SEG such as, D1 (dopamine) receptors (10), melanocortin 4-receptor (11), 5HT1D (serotonergic) receptors (12) and AR (β2  -adrenergic receptor) (13) . These molecules have G-protein coupled receptor (GPCR) function. The C14orf4 SEG is found to have house-keeping (HK) function (14) . An analysis based on a dataset of GPCR sequences extracted from GenBank reported their prevalent occurrence as SEG (15) . Nonetheless, the characterization of human SEG is limited and a comprehensive functional assignment of all SEG using specific biochemical, gene expression and gene knockout analyses are expensive, laborious and often inconclusive. Therefore, it is important to perform functional assignments to SEG proteins using alternative procedures that are driven by computational predictions. This will enable us to design roadmaps to study their collective role in cellular systems. We assigned predicted functions to SEG sequences using PFAM, PROSITE and SUPERFAMILY assignments. Here, we discuss SEG molecular function to understand their prime cellular role.
MATERIALS AND METHODS

Human SEG dataset
Human SEG sequences were obtained from the Genome SEGE database (5) created using a procedure (4) described in Figure 1 . This procedure utilized CDS annotation in the FEATURE (GenBank formatted record) for the identification and extraction of SEG sequences from the human genome (5) . The CDS annotation in the FEATURE contains several patterns (complete (direct or complimentary) or partial (direct or complimentary)) for representing SEG and these patterns are summarized in Table 1 were obtained from the human genome for analysis using a procedure described elsewhere (2-3).
Functional assignment
The 3656 SEG sequences were subject to functional assignments ( Figure 2 ) using three complementary computational procedures, such as [1] PFAM (16) , [2] PROSITE (17) , [3] SUPERFAMILY (18) (19) . The HK gene set (20) and GenBank descriptions from SEGE (4) were also used for additional inference. We used a wide variety of assignment tools to achieve best possible specificity and sequence coverage by detecting all known biologically meaningful signatures, protein families and structural folds in a concerted manner (Figures 3a, 3c, 3e) . These results were then compared with a parallel analysis performed with the human MEG protein sequences ( Figure  3b, 3d, 3f ).
PROSITE assignment
PROSITE (release 18.32) is a database of protein motifs and it contains 1275 documented entries describing 1374 different patterns, rules and profiles (17) . The human protein SEG data was subject to PROSITE motif identification and the analyses revealed 19218 motifs with 336 distinct types of signatures. This number accounts for nearly 25% of known patterns. The distribution is given in Figure 3a and the top 10 patterns are given in Table 2 . The distribution is further compared to a corresponding distribution for MEG proteins (Figure 3b ).
PFAM assignment
PFAM is a collection of hidden Markov models (HMM) and multiple sequence alignments that have been developed for the identification of functional regions within proteins (16 Figure 3c and the top 10 assignments are given in Table 4 . The distribution is further compared to a corresponding distribution for MEG proteins (Figure 3d ).
SUPERFAMILY assignment
SUPERFAMILY (release 1.63) is a library of HMM models based on SCOP and contains 1232 known structural super-families (18) (19) . The HMM based assignment tool provides structural assignments to protein sequences at the super-family level using known structural information. SUPERFAMILY was used to assign structural super-families and domains for human SEG sequences. This exercise produced 1702 assignments to 1659 sequences with 199 unique SCOP super-families. The top 10 assignments are given in Table 5 and the distribution is shown in Figure 3e . The distribution is further compared to a corresponding distribution for MEG proteins (Figure 3f ).
HK-SEG
By definition, human housekeeping (HK) genes are constitutively expressed to maintain cellular function (20) . A recent investigation, documented a list of HK genes in human (21) . Therefore, we compared the human SEG list with the human HK list. The comparison identified 18 SEG with house-keeping function (Table 6 ). These genes are referred to thereafter as HK-SEG.
The 'CDS' line in the FEATURES should contain a continuous span of bases indicated by the number of the first and last bases in the range separated by two periods (e.g. 23..78). Table 1 .
If symbols '<' or '>' are indicated at the end points of the range, the entry is partial because the range is beyond specified base number in such cases. When operators such as 'complement (location)' are used in the 'CDS' line, the feature is read as complementary to the location indicated and therefore the complementary strands are read from 5' to 3'.
SEG cDNA
The human full length cDNA sequences were downloaded from the NIH mammalian gene collection [MGC] (22) . The MGC program is a multi-institutional effort to identify and sequence cDNA clones containing a full-length open reading frame (FL-ORF). To date, the MGC has produced over 413 cDNA libraries derived from human tissue and sequenced and verified the complete FLORFs for a non-redundant set of 12,330 human genes. Therefore, we compared the human SEG nucleotide sequences with the full length cDNA sequences from MGC 
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Figure 2. This illustration summarizes the different functional assignment models used in this analysis. The SEG sequences were subject to functional assignments using computational procedures, such as PFAM (protein family), PROSITE (database of biologically meaningful signatures or motifs), SUPERFAMILY (a library covering all proteins of known 3 dimensional structure) and GenBank descriptions from SEGE. We used a wide variety of assignment tools to achieve best possible specificity and sequence coverage by detecting all known biologically meaningful signatures, protein families and structural folds in a concerted manner. Figure  3c . The data show that 13% SEG were assigned to 7-transmembrane receptors, 3% each to zinc finger -C2H2 type, leucine rich repeat and formin homology region. However, comparison of this distribution with that of MEG proteins suggests differences between SEG and MEG protein families (Figure 3d ). Nonetheless, MEG proteins have a predominance of C2H2 type zinc fingers, protein kinase domain and immunoglobin domain. Moreover, the 7-transmembrane receptors family predominant in SEG is subdominant in MEG. SUPERFAMILY: The distribution of different structural family assignments to SEG is shown in Figure 3e . The results show that, (1) membrane-all-alpha (33%), (2) C2H2 and C2HC zinc fingers (6%), and (3) histone-fold (5%) with 568, 104, and 92 assignments, respectively are predominant among SEG proteins. Comparison with the MEG proteins show a different distribution with P loop containing nucleotide triphosphate hydrolases (6%), protein kinase -PK (5%) and C2H2 and C2HC zinc fingers (4%). This indicates that the SEG and MEG proteins have distinctly different structural folds. ABBREVIATIONS: TK -tyrosine kinase phosphorylation; PK -protein kinase; CK -casein kinase; GPCR -G protein coupled receptors; TS -tyrosine sulphation. . This diagram illustrates SEG-MEG correspondences in the human genome. This is obtained by creating datasets of nr-SEG (non-redundant SEG) and nr-MEG (non-redundant MEG) at 40% (40% cutoff was chosen because homologous sequences below 40% still share similar structural fold) using the sequence purging program CD-HIT (23) . Subsequent clustering of nr-SEG and nr-MEG datasets using CD-HIT at 40% sequence identity produced 232 instances of SEG-MEG correspondences ( Figure 5 ) and these genes are referred as retroposed SEG. at a high E (expect) value cut-off ≤ 10 -50 over at least 90% of the query sequence length. This exercise identified 203 unique SEG matching known cDNA and these genes are thereafter, referred as SEG cDNA. This number accounts for 5% of SEG in the human genome. The characteristics of SEG cDNA is shown in Figure 4. 
Retrotransposed SEG
The proposed hypothesis in the origin of human SEG is retrotransposition (8) . This occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (9) . Therefore, our interest is to identify SEG-MEG correspondences in the human genome. This is done by creating datasets of nr-SEG (non-redundant SEG) and nr-MEG (non-redundant MEG) at 40% (40% cutoff was chosen because homologous sequences below 40% still share similar structural fold) using the sequence purging program CD-HIT (23) . Subsequent clustering of nr-SEG and nr-MEG datasets using CD-HIT at 40% sequence identity produced a list of SEG-MEG correspondences ( Figure 5 ) and these genes are referred to thereafter as retrotransposed SEG.
SEG in GenBank description
GenBank is an annotated collection of all publicly available DNA sequences from a wide variety of sources. Each GenBank entry includes a concise description of the sequence, and a table of features that identify coding regions and other sites of biological significance, such as transcription units, sites of mutations or modifications, and repeats. We used GenBank (release 138) to derive SEGE (4) consisting of 65628 human nuclear encoded SEG. This dataset is largely redundant due to multiple submissions from different authors. Therefore, it is important to remove all redundant sequences in the dataset. This is achieved by purging 65628 sequences at 40% sequence identity cut-off using CD-HIT (23). The purging produced 14279 non-redundant SEG sequences and this gene set is thereafter, referred as GenBank-SEG. We then clustered 3656 Genome-SEG with GenBank-SEG. This exercise produced 1496 clusters consisting of 2663 SEG with at least one SEG from Genome-SEG and one from GenBank-SEG ( Figure 6 ). We assume that GenBank-SEG entries contain a concise description of the sequence with its biological significance obtained by experimental investigation. The characteristic feature of SEG in these clusters is shown in Figure 7 .
RESULTS AND DISCUSSION
The human genome contains about 28000 genes. They are predominantly intron-bearing (roughly about 88% of human genes) and are frequently MEG (2-3). However, a considerable number of SEG (roughly about 12%) is (5) . A similar fraction is present in many mammalian genomes (6) . Therefore, it is of interest to investigate their molecular function to deduce possible relationships in their cellular roles. It is also equally important to study the functional prevalence between intronless and intron-bearing human genes. Thus, we systematically analyzed the complete set of human SEG proteins to decipher their concerted molecular function and cellular role. It has already been shown that some human SEG functions as dopamine receptors (10) and adrenergic receptors (13) , besides their involvement in HK function (14) . Therefore, prediction of SEG function is an important task, considering their significant role in cellular environment. This is done at multiple levels of investigation using PFAM, PROSITE and SUPERFAMILY.
Biologically meaningful signatures in SEG proteins
The PROSITE database consists of a large collection of biologically meaningful motifs that are described as representative signatures (17) . Our analysis identified a total of 19218 motifs consisting of 336 unique types in 3656 SEG proteins. This accounts for nearly 25% of known motifs suggesting that about one-fourth of biologically meaningful signatures are distributed among human SEG proteins. This implies that a wide diversity of biologically important sites is present in SEG proteins, indicating their putative involvement in cellular biology. The top 10 motifs occurring in these proteins are given in Table 2 . The distribution of different motifs among SEG proteins is shown in Figure 3a result is compared with a distribution for MEG proteins in human, which showed that PKC, CK2 and myristyl motifs are predominant in them (Figure 3b) . Thus, the distributions of prominent biological signals are similar in SEG and MEG proteins. Although, the proportion of SEG and MEG in the human genome is significantly different, the distribution of 'weak biological signals' is almost similar. The analysis also identified 14 motifs that are exclusively present in SEG but absent in MEG, and this observation requires further investigation (Table 3) . However, PROSITE did not distinctly distinguish SEG and MEG proteins in human. This may be due to "high sensitivity" and "low specificity" offered by short PROSITE signals. Nonetheless, this analysis is valuable in understanding the biological significance of SEG proteins.
Protein families in SEG proteins
The PFAM database contains a comprehensive set of protein domain families (16) . Our results show that about 76% of SEG sequences have a PFAM assignment. The top 10 PFAM families assigned to SEG proteins are given in Table 4 . The distribution of different protein families in SEG proteins is shown in Figure 3c . Results show that 13% SEG were assigned to 7-transmembrane receptors, 3% to zinc finger -C2H2 type, 3% to LEUCINE rich repeat and 3% to FORMIN homology region. Table 4 shows that a majority of SEG proteins have DNA binding and GPCR protein family assignment. However, comparison of this distribution, with that of MEG proteins suggests differences between them (Figure 3d ). This shows that MEG proteins have a predominance of C2H2 type zinc fingers, protein kinase domain and immunoglobin domain. Moreover, the 7-transmembrane receptor predominant in SEG is subdominant in MEG. This analysis suggests that PFAM is able to differentiate between SEG and MEG proteins. Furthermore, the prevalent assignment of PFAM Figure 6 . An illustration summarizing the annotation process for SEG proteins using GenBank description is shown in this figure. GenBank is an annotated collection of all publicly available DNA sequences from a wide variety of sources. Each GenBank entry includes a concise description of the sequence, and a table of features that identify coding regions and other sites of biological significance, such as transcription units, sites of mutations or modifications, and repeats. We used GenBank (release 138) to derive SEGE (4) consisting of 65,628 human nuclear encoded SEG. This dataset is largely redundant due to multiple submissions from different authors. Therefore, it is important to remove all redundant sequences in the dataset. This is achieved by purging 65628 sequences at 40% sequence identity cut-off using CD-HIT (23) . The purging produced 14,279 nonredundant SEG sequences and this gene set is thereafter, referred as GenBank-SEG. We then clustered 3656 Genome-SEG with GenBank-SEG. This exercise produced 1496 clusters consisting of 2663 SEG with at least one SEG from Genome-SEG and one from GenBank-SEG. GE = genome entry, GB = GenBank entry, M = multiple 7-transmembrane receptors, C2H2 type zinc fingers, LEUCINE rich repeat and FORMIN homology region is valuable.
Known structural folds in SEG proteins
The SUPERFAMILY is a library of HMM models derived using SCOP defined structural folds (18) (19) . The top 10 structural families assigned to SEG proteins are given in Table 5 and a distribution of different structural family assignments is shown in Figure 3e . Results show that, (1) membrane-all-alpha (33%), (2) C2H2 and C2HC zinc fingers (6%), and (3) histone-fold (5%) have 568, 104, and 92 assignments, respectively. Comparison with MEG proteins (Figure 3f) shows a different distribution. In MEG proteins, the P loop containing nucleotide triphosphate hydrolases (6%), protein kinase (5%) and C2H2 and C2HC zinc fingers (4%) are prevalent. This analysis suggests that SEG and MEG proteins have distinctly different, yet prevalent structural folds.
Housekeeping intronless genes
The human HK genes encode for proteins, essential for the maintenance of cell function and are constitutively expressed (20 
Expressed SEG
The origin of SEG is explained by the mechanism of retrotransposition, which occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (9) . Retrotransposed SEG is proposed to exist as pseudo-genes with lost molecular function. Alternatively, they would have gradually evolved with novel molecular function. Therefore, it is our interest to identify SEG that are expressed and captured using reverse transcriptase reaction in RT-PCR experiments. The comparison of SEG with a dataset of full length cDNA sequences from MGC identified 203 unique SEG that are expressed. These are expressed and it is thus captured by RT-PCR. Analysis found that a majority of expressed SEG are histones, GPCR, zinc finger and ion channel complexes (Figure 4 ). It should be noted that the description of 203 expressed SEG is not representative and a thorough analysis is required to map these data points in a relational system for subsequent interpretation and conclusion.
Retrotransposed SEG
Retrotransposition of SEG occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (9) . The intronless cDNA originates from an intron-bearing ancestral gene. Therefore, it is our interest to identify a list of SEG having MEG correspondences in the genome. This exercise identified about 232 instances of SEG-MEG correspondence ( Figure  5 ). This is consistent with a similar figure reported by the CELERA team (7) . Slight variations in the numbers are due to the different procedures used in each of these analyses. The correspondence provides insights to their possible origin by retroposition, which occurs by homologous recombination between the genomic copy of a gene and an intronless cDNA (12) . Retrotransposition of processed mRNA transcripts into the genome results in functional genes, called intronless paralogs, or inactivated genes (pseudogenes). A paralog refers to a gene that appears in more than one copy in a given organism as a result of a duplication event. Here, we show that human SEG function as olfactory receptors, GPCRs, zinc fingers, histones, protocadherin, ion channel complexes, etc. (Figure 7) . We assume that GenBank-SEG entries contain a concise description of the sequence with its biological significance obtained from experimental investigation.
SEG Characteristics in GenBank description
The concise description of SEG function in GenBank entries is an excellent resource to annotate human SEG in a comprehensive manner. Hence, we compared human SEG from SEGE (derived from GenBank) and Genome SEGE (human genome data) to assign function using GenBank description. An illustration summarizing the annotation process is shown in Figure 6 . This exercise grouped 2663 SEG into 1496 clusters, such that each cluster contains at least one SEG from Genome-SEGE and one from SEGE. GenBank annotation of human SEG proteins suggests that a majority of them are olfactory receptors, GPCRs, zinc fingers, histones, protocadherin and ion-channel complexes (Figure 7 ). This data point is valuable for further experimentation, but not representative of the complete SEG set in human. Therefore, it is necessary to use this information to design experiments (devise hybridization probes and anti-sense RNA probes) to deduce functions for a large number of SEG proteins. A complete functional understanding of all SEG proteins is important to infer their cellular role.
CONCLUSIONS
The challenge in bioinformation knowledge discovery is to establish the concerted role played by related group of genes. A comprehensive understanding of their role is essential to compare and contrast the functional features of intronless and intron-bearing human genes. Here, we discussed the complex role of human SEG in cellular environment using computational assignments and this enabled us to predict molecular function for more than half the SEG proteins in humans. This exercise helped us to identify the predominant role played by SEG as DNA binding, phosphorylating, acetylating, housekeeping and also that most SEG are expressed. We also found that many expressed SEG are histones, GPCR, zinc fingers and ionchannel complexes. Despite the fact that the cellular role of reverse transcriptase is not completely understood, several studies have demonstrated that this enzyme is responsible for generating retro-genes which significantly alter genomic activities (24) (25) . This analysis show evidence of retrotransposed SEG and support the hypothesis of SEG origin by retrotransposition.
